Piedmont granite rock outcrops in the southeastern United States support a plant community rich in endemic and rare plant species. The ecotones of the granite outcrop and Piedmont oak hickory forest communities are under increasing pressure from exotic invasion and the potential impacts of this invasion on the native plants in these communities are unclear. We conducted an experimental removal of invasive plant species at the ecotone of two granite rock outcrops and monitored species richness and plant occurrence along random belt transects in invaded, uninvaded, and removal plots for three years. These transects captured a representative sample of the plant community from the rock edge 20 m into the forest interior. Hemispherical photographs and soil samples were used to monitor changes in light availability and soil nutrients. Vegetation classes demonstrated spatial distribution patterns related to proximity to rock edge and depth of soil, but removal of invasive species had no apparent effect on percent cover or native plant richness. Sodium, calcium, and magnesium were all found to be significant predictors of invasive species occurrence and sodium and calcium were correlated with soil depth. This research effort suggests that the occurrence of invasive species are not significantly impacting overall species richness in the ecotone of outcrop plant communities, however changes to the species richness of this plant community in response to invasive species removal may take longer to detect.
Introduction
In the southeastern United States, outcrops of bare rock exist in the midst of oak-hickory forests. The insular nature of these exposures encourages allopatric speciation, which has contributed to endemism and rarity in the outcrop flora and resulted in a unique assemblage of plant species (Wyatt and Allison 2000) . Most of this granite rock outcrop habitat lies in the Piedmont of Georgia, with the majority of outcrops occurring just outside the Atlanta metropolitan area. The predominant threat to these exposures has been quarrying, but they are also impacted by exotic species invasion, cattle grazing and eutrophication, dumping, quarry dust deposition, fire, vandalism, foot traffic, and off-road vehicles. Growth of the Atlanta metropolitan area is increasing anthropogenic disturbance on these rock exposures and creating new opportunities for invasion of surrounding habitats by exotic species.
This research was undertaken to better understand the extent to which invasive species have altered plant community structure on rock outcrop ecotones of the southeastern Piedmont and how species richness has been affected. Here, all references to "invasive species" or "exotic invasion" etc. are specific to invasive plant species. The insular nature of the rock outcrop habitat coupled with a relatively high proportion of narrow endemic species makes this community vulnerable to rapid colonization by invasive opportunists, which could ultimately lead to extirpation of native species. In Western Australia, weeds threaten the diversity of granite outcrop communities (Pigott 2000) . Wyatt (1997) predicted that the open nature and low competition in outcrop habitats present an opportunity for invasion by weedy species. Harrison et al. (2006) explored invasion on serpentine barrens, systems with soils derived from ultramafic rock that have low calcium to magnesium ratios and are generally understood to be nutrient poor and high in heavy metals. These systems are particularly rich in endemic plant species but they found that invaded areas had a low occurrence of endemic and rare forbs.
The frequency and impact of colonization by invasive species in the edge communities of many southeastern U.S. rock exposures is extensive. In a survey of 52 outcrops from Alabama through Georgia and into South Carolina, Caspary and Rickard (2007) reported that 39 were impacted by invasive species. Ligustrum sinense Lour. and Lonicera japonica Thunb. appear to be the most dominant colonizers of rock outcrop margins and are known to crowd out native understory plants (Oosting and Livingstone 1964; Wharton 1978; Wyatt and Allison 2000) . A number of studies in southeastern Piedmont forests have documented that the presence of Ligustrum sinense resulted in decreased species richness and abundance (Kittell 2001; Wilcox and Beck 2007) . Baskin and Baskin (1988) determined that granite outcrop endemics are not shade tolerant, so a change in canopy cover could trigger a change in species community composition. In Australian outcrops, invasion results in resource competition, prevention of recruitment of endemic species, and altered fire regimes (Csurhes and Edwards 1998) , and can also reduce the amount of light reaching the forest floor. Moreover, competition from invading species for resources can transform the spatial distributions of individual species in the ecotone (Connell 1972; Vilà and Ibanez 2011) .
Interspecific competition is believed to play a major role in structuring communities (Connell 1983; Blank 2010; Mangla et al. 2011) . Research documenting interspecific competition on rock outcrops has identified soil depth, soil moisture, and biotic competition as significant factors influencing the population dynamics of endemics (Houlé 1990; Sharitz and McCormick 1973) . Competition and shading have been identified in previous studies as the main limiting factors in southeastern United States outcrop vegetation (Baskin and Baskin 1988 ). Here we hypothesize that if the species composition of the ecotone community changes, those alterations will carry through to the rest of the rock outcrop community. Baskin and Baskin (1988) urged study of the interaction between aggressive weeds and rock outcrop endemics. While invasive species have been inventoried as part of a number of outcrop surveys and studies (Oosting and Livingstone 1964; Wharton 1978; Wyatt and Allison 2000) , no research to date has focused specifically on the problem of invasion in Southeastern granite rock outcrops by invasive species.
Disturbance can promote the establishment of invasive species (Mack and D'Antonio 1998; Mawson 2000; Grime 2001) . It can initiate a change in resource availability by exposing bare soil and freeing bound nutrients, which creates an opportunity for invasive species to enter a system (Davis et al. 2000; Hobbs 1989 ). Williamson and Harrison (2002) found disturbance and seed supply to be equally important in promoting the spread of invasion in the serpentine soils of California. Invasive species have been known to alter disturbance regimes (Hobbs and Huenneke 1992) . Outcrops in Western Australia have become vulnerable to opportunistic invasions as a result of fertilizer drift and disturbance from fire and recreational activities (Porembski 2000) . From previous studies, we know that invasion of the ecotone can affect the structure and composition of the bordering communities (Hoffman et al. 2004; Yager et al. 2011 ). In the case of rock outcrops in the Southeast USA, increasing anthropogenic disturbance appears to be impacting habitat through physical disturbance of quarrying, horse, cattle, all-terrain vehicle and foot traffic, increased nutrient inputs from waste and runoff, and introduction of exotic invasive species (Patrick 1997) . This physical and chemical disturbance is both negatively impacting native species and facilitating invasion (Caspary and Rickard 2007) .
Rock outcrop communities are ideal habitats in which to study edge effects and spatial trends because the transition from the forest edge to the rock surface is so abrupt. It is not clear whether ecotone habitats moderate or facilitate disturbance. To address this question, we surveyed the vegetation along the ecotone of rock outcrop habitats where active invasion is occurring by Ligustrum sinense, Lonicera japonica, Elaeagnus umbellata Thunb., Microstegium vimineum (Trin.) A. Camus, Lespedeza cuneata (Dum. Cours.) G. Don, Nandina domestica Thunb., Rosa multiflora Thunb., and Lonicera maackii (Rupr.) Herder. We studied the effects of removing invasive flora on species richness and percent cover of native vascular and non-vascular flora, and site openness, by comparing invaded, uninvaded, and removal treatments in the ecotones of two granite outcrops. We expected that the removal treatment would lead to increased species richness for forbs/ferns/fern allies, grasses, and woody plants. We analyzed soil nutrients in the soil to see if we could detect any spatial trends between cation levels and vegetation class occurrence or species richness. We predicted that removing the invasive layer would free resources for native flora, resulting in increased occurrence of outcrop vegetation classes composed of native species. Rock and Shoals, jointly owned by the Georgia Department of Natural Resources and Athens-Clarke County, is located in Clarke County, Georgia (33°32'35" N, 82°15'13" W, ca. 8 km from Athens, Georgia). Rock and Shoals is a glade flatrock, with Ligustrum sinense, Elaeagnus umbellata, and Lonicera japonica invasion documented at the site by Nourse and Nourse (2004) . The rock is a combination of biotite gneiss and felspathic biotite gneiss (Georgia Geological Survey 1999 (Figure 1 ). The position of the first transect was chosen at random and subsequent transects were placed at 10 m intervals along that same line perpendicular to the rock edge. These transects extended from the edge of the rock exposure into the surrounding forest. Six of the belt transects served as control transects and were located in relatively uninvaded ecotonal areas. The remaining 12 transects were located in a heavily invaded ecotone, and six of these were chosen at random to be cleared of invasive species.
Methods

Study sites
When invasive species were encountered in the "uninvaded transects" these occurrences were recorded as part of the survey data. The Georgia Exotic Pest Plant Council maintains a ranked list of invasive plants and only invasive species with the highest designations (Category One and Category Two) were removed from transects (GA-EPPC 2011). The species removed include Ligustrum sinense, Lonicera japonica, Elaeagnus umbellata, Microstegium vimineum, Lespedeza cuneata, Nandina domestica, Rosa multiflora Thunb. and Lonicera maackii. Approximately 90% of the invasive cover removed was Ligustrum sinense, while Lonicera japonica comprised the majority of the remaining invasive cover.
Removal was conducted by hand pulling and cutting and painting stems with Glyphosate. Effort was made to minimize the physical disturbance caused by the removal process. Each removal transect was cleared 2 m beyond the existing transect in all directions and invasive species were regularly cleared throughout the study period. Drought and high summer temperatures kill many plants, so surveys were performed in the spring and fall of the research period. Total species richness and woody species richness were measured for plots 1, 10, and 20 of each transect during each survey session, which are 1 m, 10 m, and 20 m from the rock edge, respectively. Vegetation was classified as grasses, forbs, ferns and fern allies, invasive species, lichens, mosses, vines, and woody plants, and the occurrence of these vegetation classes was recorded in plots 1, 10, and 20. This means that vegetation was classified according to vascular type and habit, with the exception of the invasive species category, which were lumped all together irrespective of type and habit.
Soil nutrients and depth
Soil samples were taken at the beginning of the experimental treatments and again at the end. These samples were taken at a depth of 0-5 cm in the O horizon of plots 1, 10, and 20 of each transect at each site. In this study, we chose to focus on the cations of calcium, magnesium, potassium, and sodium because it is believed that uptake capacity is important for the acquisition of critical nutrients in nutrient poor soils (Jackson et al. 1990; Aerts 1999) . Soils were analyzed for pH and for calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na) using atomic absorption. During data analysis, soil nutrient data were log transformed to help normalize data distributions. Soil depth was taken using a metal probe and averaged from three independent measurements recorded for plots 1, 6, 10, 16, and 20 in each transect at each site, which correlate with distances of 0-1 m, 5-6 m, 9-10 m, 15-16 m, and 19-20 m from the rock edge, respectively.
Canopy light
Hemphispherical photography, an indirect optical technique, was used to characterize canopy openness. Hemispherical photographs were taken in plots 1, 6, 10, 16, and 20 in each transect at each site using a Nikon F 35 mm digital camera and a Nikkor 8 mm f2.9 fisheye lens. The resulting image had a 183 degree view. Site canopy typically started with a shrub layer at a distance of 2-6 m from the rock edge and progressed into full oak-hickory tree canopy at a distance of 8-12 m from the rock edge. This canopy ranged from 3-18 m and averaged 10 m at both sites. Photographs were taken at ground level with the top of the image oriented north in fall of 2006 before the removal treatment and in fall of 2008 after the removal treatment.
Data analysis
Soil depths were not normally distributed and were transformed by taking the square root of the three independent observations for each plot, and then averaging over those observations to create the variable "sqdepthav". A t-test was used to determine soil depth similarity between the two sites, and an Analysis of Variance (ANOVA) was used to determine differences between treatment types and soil depths. A linear model was used to analyze differences in soil nutrients at different distances along the transects. This model was created in SAS v. 9.2 and uses the variables of fixed effect of the site (Panola Mountain or Rock and Shoals), treatment (Uninvaded, Invaded, or Removed), fixed effect of transect (A-R), plot-distance (1, 10, or 20) , and the effect of the continuous soil depth measurement (sqdepthav) in each plot. Soil nutrient variables Na and Ca were transformed using the natural log because they demonstrated extremely right-skewed distributions.
Gap Light Analyzer (GLA) software was used to compute the parameter "percent site openness" (Frazer et al. 1999) . Percent site openness is percentage of total sky area that is found in overlapping gaps in the canopy.
A linear mixed model with a natural logtransformed response was used to analyze percent cover for the classes of grasses; forbs, ferns, and fern allies; invasive species; vines; and woody plants. This model uses the variables of effect of the site (PM or RS), treatment (Uninvaded, Invaded, or Removed), transect (A-R), studyseason (Fall 0, Spr 0, Fall 2, Spr 2), plot-distance (1, 10, or 20) , and the interaction of study-season  treatment. A logistic regression was used to analyze percent cover in the lichen class and a two-step analysis using a logistic regression and a linear mixed model was used to perform an analysis on percent cover for the moss and invasion classes, due to a large number of plots with no occurrence for these vegetation classes. The invasive class variable for the invasive linear mixed model was square root transformed to help normalize data distributions.
A Poisson regression was performed to determine the relative influence of soil depth, canopy openness, Ca, Mg, Na, and K on forbs, ferns, and fern allies species richness, grass species richness, woody species richness, and total species richness. Tukey-Kramer adjustments to p-values were used to allow for multiple comparisons with an α value < 0.05.
Results
Soil depth, soil nutrients, and light
Average soil depths did not vary significantly between sites or among transects at each site (Table 1 ). Plots at distance 1 had significantly less soil depth than those at distances 6, 10, 16, and 20; plots at distance 6 had significantly less soil depth than 10, 16, and 20; plots at distance 10 had significantly less soil depth than plots at distance 20 but were similar to 16. Plots at distance 16 and 20 are not statistically different. The general trend is a pattern of increased depth with increased distance from the rock edge. Table 2 shows the percent available soil nutrients, pH, and percent site openness for control, invaded, and removal transects at each site. Linear mixed models demonstrated a positive significant correlation between soil depth and pH (p-value = 0.05). Plot distance was shown to be a significant predictor of K, Ca, and Na (p-value = 0.03 for K, p-value = 0.02 for Ca, and p-value < 0.0001 for Na). Plots at distance of 1 m have significantly lower K and Ca, on average, than at a distance of 10 m, and a significantly lower Na at 1 m than at a distance of 20 m, but all other comparisons between nutrient values in plots are not statistically different. Analysis of the hemispherical photographs through linear regression indicates that site openness does not show any significant correlation with soil depth. Study-year 0 was significantly more open than study-year 2 (p-value <0.0001) but no interaction between study-year and treatment could be found, so the change in canopy openness cannot be attributed to the invasive removal treatment.
Vegetation class
Vegetation percent cover was recorded for the classes: grasses, forbs, ferns and fern allies, invasive flora, lichens, mosses, vines, and woody plants. Vegetation class percent cover was not significantly impacted by the removal treatment. Sodium, calcium, and magnesium were all found to be significant predictors of invasive occurrence (p-value < 0.002 for lnNa, p-value <0.0003 for lnCa, p-value = 0.0103 for Mg) (Table 3) . In most cases, plot was the most significant variable in vegetation class occurrence (p-value < 0.0001 for grasses, mosses, invasive species, vines, p-value = 0.03 for lichens, p-value = 0.09 for woody plants).
Most vegetation classes demonstrate a significant correlation with plot-distance from the rock. Plot 1 in a given transect typically displays a very different plant community than expected from random chance when compared to plot 20. Grasses, forbs and ferns, and vines demonstrate a positive relationship with magnesium and calcium (p-value < 0.0001 for Ca in grasses, p-value = 0.0026 for Mg and p-value < 0.0001 for Ca in forbs and ferns, p-value = 0.0097 for Mg and p-value = 0.0002 for Ca in vines). Vines also correlate positively with pH (p-value = 0.0038). Mosses display a negative correlation with calcium (p-value < 0.0001. Woody plants appear to have a positive relationship with available magnesium (p-value = 0.0279) and a negative relationship with sodium (p-value = 0.0063) in the soil. For the invasive cover class, the control treatments had significantly less invasive occurrences than the invaded transects (p-value = 0.0001) and invasive species did demonstrate a spatial distribution, in which they were more likely to occur at a greater distance from the rock edge (p-value <0.0001). Vines showed a significant difference between the treatments of Control and Invasive and Control and Removal (p-value = 0.0012), but not a significant difference between Removal and Invasive, so these differences cannot be attributed to the Removal treatment.
Species richness
A total of 136 species of vascular and nonvascular plants were identified in the surveys at Panola Mountain, and 10 of these or 7.4% are rock outcrop endemics as defined by Wyatt and Allison (2000) . The survey performed at Rock and Shoals documented a total of 165 species with 13 of these (7.4 %) identified as rock outcrop and Elaeagnus umbellata all in abundance. For the majority of individual plants, removal was only necessary at the beginning of the study, however a small percentage (approximately 10%) needed to be removed again in the first year of the study. Table 4 how the richness of grass, forb/fern/fern allies, woody plant, and total species richness changed over the study period. The removal treatment did not significantly affect species richness. Grass species richness was negatively correlated with calcium. Survey season was the only significant predictor of forb/fern/fern ally species richness (pvalue <0.0001), likely because many of the forbs encountered at rock outcrops are annual plants that reproduce in the spring. Woody species richness is positively correlated with calcium and magnesium in the soil (p-value <0.0001 for Ca and p-value = 0.05 for Mg). Plot distance and soil depth are significant predictors of both woody plant species richness and total species richness (p-values <0.0001 for plot distance in both woody plant richness and total richness, pvalue =0.0003 for soil depth in woody plant richness, p-value = 0.0028 for total species richness). Survey-season is a significant predictor of overall species richness (p-value <0.0001).
Discussion
In this study, removing invasive species from experimental transects at the margins of granite outcrops did not significantly alter species richness or vegetation class cover or distribution. This was a surprising result, given the sensitivity of many native plant communities to exotic invasion. Hemispherical photographs revealed a significant difference in canopy openness over the duration of the study, but these changes occurred evenly across the different transects and could not be attributed to treatment. While endemic species were not categorized as a separate vegetation class in this analysis, the majority of rock outcrop endemics are herbaceous plants and followed the same trends in terms of percent cover and species richness reflected by the forb/fern/fern ally vegetation class. Removal did not appear to increase cover or richness of endemics within the outcrop habitat.
Similar experiments revealed that removal of invasive species alone did not increase species richness or cover (MacDougall and Turkington 2005; Hahn and Dornbush 2012; Dornbush and Hahn 2013) , however these studies did find that active enhancement and restoration with native species did increase native cover and native species richness. Hester and Hobbs (1992) applied an invasive removal treatment after prescribed burning on southwestern Australian outcrops and were able to document increased plant vigor and seed-set. An increase in plant vigor was noted through qualitative observations after the removal treatment was applied in our study, but this did not result in a long-term quantitative significant difference in percent cover of vegetation classes or species richness for these altered plots.
Extreme variation in precipitation during the study period may have influenced the outcome of the removal treatment. Soil moisture in the ecotone can vary, as site topography encourages run-off from the rock to channel through some areas but not others. Therefore, a patchy response to low moisture is expected in the ecotone. Study observations confirm that heavier mortality was experienced in some areas of the ecotone due to shallower soils and lack of rain (pers. obs.). Rock outcrop plant communities experience periodic fluctuations in moisture and temperature. Thus, it is possible that the environmental extremes in the course of the study period did little to alter long-term trends in the plant community structure of the outcrop ecotone. It is also possible that time or area scales were too small to capture a community response to the treatment.
Soil depth has been found to be a predictor of vegetation class (Burbanck and Platt 1964; Dornbush and Wilsey 2010) . In this study, soil depth correlated with distance from the rock edge, and soil depth predicted vegetation class distributions as well (Table 1 ). The rock outcrop ecotone habitat at both study sites is glade-like, with shallow soils separating islands of bare rock. Some species of grasses, mosses, forbs and ferns typically occur in the first couple of meters from the rock edge, but this suite of plants was found at a greater distance from the rock edge because of a continued trend in shallow soils.
Soil nutrients in rock outcrop communities are known to be limited, and cation availability in the soil appears to be a predictor of plant occurrence (Harrison 1999) . The resource availability hypothesis suggests that invasive species will be positively correlated with available nutrients (Davis et al. 2000) . In serpentine communities, low Ca has been an important restrictive factor for many invasive and native plant species (Kruckeberg 1984; Harrison 1999; Safford and Harrison 2004) . Harrison (1999) found that herbaceous species richness (grasses were included in this species class designation) on serpentine outcrops showed significant negative correlations with soil calcium levels. In this study, higher calcium levels were predictive of grass, forb/fern/fern ally, and vine vegetation class occurrence. Invasive plant occurrence was tied to calcium, magnesium, and sodium. Woody vegetation class and woody species richness also showed a spatial correlation with magnesium. Forb/fern/fern ally species richness, however, did not correlate with calcium levels, only with study season.
A number of studies have suggested that aboiotically harsh and unproductive environments tend to be less invaded than more productive ones (Zartman et al. 1964; Crawley 1987; Hobbs 1989; Mack 1989; Maron and Marler 2007) . The results of this study fit with that pattern, with greater invasion documented at greater distances from the rock edge and corresponding greater soil depth. Studies have shown that in serpentine barrens, limitations in soil nutrients combined with plant competition have made these environments more resistant to invasion (Williamson and Harrison 2002; Daehler 2003; Going et al. 2009 ). Huenneke et al. (1990) suggested that this lack of nutrient availability may be more important than physical disturbance in determining community invasibility. These findings suggest that, whereas the ecotone environment may be affected, the soil islands on the rock surface may remain more intact.
Ligustrum sinense, Lonicera japonica, Microstegium vimineum, Lespedeza cuneata, Rosa multiflora Thunb., Nandina domestica, Lonicera maackii, and Elaeagnus umbellata are the Category One and Category Two (GA EPPC 2011) invasive species encountered in the surveys. Ligustrum sinense is by far the greatest in abundance and does the most to visibly modify a rock outcrop community by closing the mid-story canopy. Ligustrum spp. are known for their abundant production of highly dispersible fruits, wide range of adaptability, and limited natural predators (Batcher 2000) . Invasive Category One and Category Two species were removed throughout the study period. After the initial clearing, removal transects were cleared again the following year, but this effort involved removing seedlings. New establishment of invasive species was dominated by seedlings of Ligustrum sinense. In a study by Webb et al. (2001) , removal experiments applied to invasive Acer platanoides revealed that other invasive species spread where tree removals opened the canopy. In this experiment, Ligustrum sinense appeared to seed back into plots from the overhanging canopy, and is expected to take over removal plots again. However, based on the speed of recolonization throughout the study, reestablishment of invasive species is expected to be slower than previously thought.
Even with the high mortality of invasive species caused by extreme environmental conditions in rock outcrop habitats, an established buffer of parent plants provides a means of quick replacement. In a study performed by Bartuszevige and colleagues (2006) , edge habitat was identified as critical for invasion success, and this was attributed to propagule pressure from the invading species. If invasive species alter the ecotone of the rock outcrop system into a more closed canopy, wind-dispersed seed flow from one island-like rock to another will be affected. Cadenasso and Pickett (2001) have demonstrated how the structure of the forest edge can regulate seed dispersal. Local dynamics among populations will invariably determine the processes of migration, extinction, and colonization (Husband and Barrett 1996) . More work is required to understand better how long-distance dispersal events take place with rock outcrop endemics. Performing a study to explore how density of native and invasive species may be affecting immigration success is warranted. Undertaking a study that allows for the review of longer timescales and larger removal areas could help to better illustrate the relationship between invasive species and native endemics in rock outcrop habitats. Until we have a better understanding of this dynamic, it is critical that we act to protect the remaining population reserves of rock outcrop endemic species through site management and conservation. The results of this study suggest that the use of limited management resources may be better allocated toward minimizing physical site disturbance and enhancing native species through active restoration rather than focusing on invasive species eradication.
